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On August 24, 2014 a magnitude 6.0 earthquake occurred northwest of American Canyon, 
California. The earthquake was located between two faults: the West Napa Fault and the Carneros-
Franklin Faults near the north shore of the San Pablo Bay. Damage was most severe in the downtown 
Napa region, where a number of unreinforced masonry buildings were located. Residential building 
construction damage was observed surrounding the downtown region, and became less severe further 
away from downtown Napa. Damage to vineyards and wine storage facilities was focused mainly on 
damage to stainless steel storage and fermentation tanks, and damage to the wine storage barrels due to 
racks collapsing. Appendix A contains field notes made during these investigations. 
Previous earthquakes around the world have caused similar damage (1977 San Juan, 2010 Maule, 
2011 Christchurch, 2013 Marlborough) to that documented after the Napa Valley Earthquake. This report 
will outline the damage observed during building evaluation after the Napa Valley earthquake, and will 
compare the damage previously seen after other earthquakes around the world. In particular, unreinforced 
masonry building (URM) damage has been discussed and documented thoroughly after the 2010-2011 
New Zealand earthquakes. The damage that is discussed in the next section demonstrates that the seismic 
retrofits for URM buildings performed well.  
Learning from the performance of structures in earthquakes is a common theme in the structural 
engineering industry, and helps the industry understand how full-scale buildings and lateral systems will 
perform during real earthquake events. Many previous earthquakes inspire research projects to take place 
in order to improve the structural engineering industry practices. The behavior of cylindrical fluid-filled 
steel tanks has been documented from the 1977 San Juan earthquake in Argentina through the 2014 Napa 
Valley earthquake. The oil, chemical, and natural gas industries have similar tanks used to hold liquid. 
Codes and standards have developed to aid in the design of these tanks for the oil, chemical, and natural 
gas industries, however, the constant documentation of damage to these tanks in the wine industry 
suggests the evolution of design of cylindrical fluid-filled steel tanks for the wine industry has remained 
constant.  




A comprehensive overview of previous damage of cylindrical steel tanks in the wine industry is 
provided in Section 3 of this report. The damage that has been documented in previous earthquakes is 
very similar to the damage documented during the 2014 Napa Valley earthquake. Section 4 of this report 
provides an overview of previous analytical and experimental research that has developed as a result of 
the documented damage to these tanks in the wine industry.   
Discussions with tank manufacturers and news reports quoting vineyards demonstrates there are 
divergent views of the performance objectives of the wine industry is for these tanks in an earthquake, 
and the ability of engineers to design these tanks. Previous research and performance of steel tanks in the 
oil, natural gas, and chemical industries has shown that engineers have the ability to design cylindrical 
fluid-filled tanks to have limited damage during an earthquake, however, the expectation of the wine 
industry is only that there is no loss of wine from these tanks during an earthquake. Buckling of the tank 
walls, anchorage failures, pounding of tanks against each other and catwalk systems seems to be 
acceptable performance criteria for the wine industry. This report attempts to highlight the need for more 
engineering support to the wine industry to limit the damage to these tanks during an earthquake. A 
summary of suggestions for future construction is made at the end of this report. 
  




2. OVERVIEW OF DOCUMENTED DAMAGE – NAPA VALLEY EARTHQUAKE 
 Building evaluation occurred over the days following the Napa Valley Earthquake.  Observations 
were documented at the epicenter of the earthquake, for residential building construction (i.e. single-
family, and multi-family homes surrounding downtown Napa), unreinforced masonry bulidings, industrial 
buildings (tilt-up building construction, butler buildings, etc.), wineries and wine barrel warehouses, 
special structures (i.e. churches, large historical buildings), new building construction, and surface 
rupture. The purpose of the evaluations was to document the damage to understand how structural 
engineers can improve building design and construction practices. 
 After a natural disaster, teams of engineers evaluate the building structures and place placards on 
the outside of each structure. These placards are either red, yellow, or green and correspond to the varying 
levels of safety of the structure. They are meant to inform the public whether the building should be 
occupied, or if limited access is necessary, and if the building stability is compromised as compared to its 
state prior to the natural disaster. Each placard states the address of the structure, the name of the building 
inspector, and damaged areas of the structure that should not be occupied, if necessary. A red placard 
indicates the structure is unsafe and should not be occupied. A yellow placard indicates limited access, 
and will state the areas that should not be occupied by the public. A green placard indicates the structure 
can be occupied as before the natural disaster. 
 The buildings discussed in this section will mention the color of the tag that is placed on the 
outside of the structure. Two types of evaluations can occur according to ATC 20 [1]: (1) Rapid 
evaluation, and (2) Detailed evaluation. The evaluations that took place in Napa were Rapid Evaluations, 
and therefore in many cases the building inspector did not go inside of the structure. 
2.1 Epicenter 
The epicenter of the earthquake was on the north shore of San Pablo bay (lat: 38.215, long: -
122.318). The Napa Valley Marina is located at the epicenter of the earthquake. There was no tidal wave 
present after the earthquake, and minimal damage occurred at the marina. A few of the boats that were in 
dry dock slipped off of their supports, however, the boats were unaffected. The photos shown in Figure 1 




were taken one week after the earthquake, two days after an M3.9 aftershock. The photos show no 
damage to the boats in the marina, or to the marina structure.  
2.2 Residential Buildings  
Single-family residential building construction in the Napa Valley Region is mainly timber 
construction with shingled siding. The damage that was observed fell in two categories: (1) cripple wall 
failure, and (2) chimney damage. The residential homes that are documented in this section are located in 
downtown Napa or in the surrounding neighborhoods. The majority of residential building construction 
examined was single-family homes, however, a few multi-family residences are included in this sub-
section. 
The apartment building shown in Figure 2 is on the corner of Franklin and 3rd streets in 
downtown Napa. This is a timber framed apartment building that was red tagged. The buildings 
surrounding this structure were green or yellow tagged. Cracks in the stucco on the exterior of the 
structure around the windows and doors were observed and are shown in Figure 2b and Figure 2c. The 
stucco on the inside walls of the apartment building had fallen off as shown in Figure 2a. The timber 
framing exposed did not show signs of damage.  
Chimney damage was seen at a number of residences. On the corner of Randolf street and 4th 
street, two homes had chimney damage. Figure 3 shows this damage that was typical of the residential 
buildings observed in downtown Napa. This type of damage can cause a structure to be yellow tagged due 
to the fallen masonry and potential for future bricks to fall. 
Cripple wall damage occurred in many of the residential homes. A cripple wall consists of short 
wood studs that enclose the crawl space underneath the first floor of a house. These studs usually support 
the house in between the concrete foundation and the first floor. Failure of a cripple wall can cause 
movement of the dwelling off of the foundations. Figure 4 shows a multi-family residence located at 1251 
Jefferson Street west of downtown Napa. This building was red tagged, and the neighboring house was 
also red tagged.  However, the other structures in the neighborhood saw limited damage. The structure at 
1251 Jefferson Street saw cripple wall damage, however, the house at 1261 Jefferson Street did not have a 




cripple wall or crawl space underneath the house. The movement of the house at 1251 Jefferson Street can 
be seen in Figures 4b and 4c.  
The house at 1261 Jefferson was red tagged as well. Cracks were visible at the base of the house 
in the front, at the top left of the garage door (Figure 5c), and at the base of the south corner of the house 
(Figure 5d). This house had large garage doors in the front and back of the house on the north end. In 
addition, the stairs at the front of the house had a crawl space underneath.  
There is a residential neighborhood north of downtown Napa, which had timber framed 
residential homes with limited damage.  The home shown in Figure 6 was on the corner of Valejo and 
Yamone Streets. This house moved off of the foundations. The northern half of the house was not 
connected to the concrete foundations through a cripple wall or directly. This can be seen in Figure 6c. 
The south portion of the house had a foundation visible, however, it was not evident how the house was 
connected to the foundation. The house seemed to have moved off of the existing foundations. 
 Down the street from this house at 984 Vallejo, there was a timber-framed apartment building 
with a masonry façade. This building had businesses on the bottom floor and apartments on the 2nd and 3rd 
floors of the building. The photos in Figure 7 show there were two separate structures, and there are 
anchors in much of the masonry. The timber framing seems to have performed well during the earthquake 
however, the masonry façade fell into the parking lot behind the building. The remaining façade still 
attached to the building had cracks through it. Figures 7c – 7e show these cracks.  
2.3 Unreinforced Masonry Buildings (URM) 
 The majority of the buildings located on Brown Street and Main Street between 2nd and 3rd Streets 
in downtown Napa were unreinforced masonry buildings. Many of them have been claimed as historical 
buildings, and only some of these buildings were renovated with seismic retrofits. Those buildings that 
did not have effective seismic retrofits saw partial collapses due to the earthquake. 
2.3.1 Structures with partial or full collapse 
 Damage was observed to the building located at the northeast corner of Brown and 3rd streets. 
Figure 8 shows the partial collapse damage that was observed on the south face of the structure and the 




east face of the structure. This building had business offices on all of the floors of the structure. The 
building had a red tag on it, preventing anyone from entering the building. 
 On Brown Street, there were three structures with significant damage. The first was the structure 
shown in Figure 8, the second was the Justice Building which took up the entire city block between 
Coombs and Brown Streets and between 3rd and 4th Streets. The damage that was visible to this building 
was at the southeast corner of the structure and is shown in Figure 9. The southeast corner of the building 
collapsed, and there were large cracks observed in the northeast corner of the building (Figure 9b). There 
were large fences around the entire structure and the streets were blocked off, therefore, any additional 
damage was not observed. 
 At the corner of Brown Street and 2nd Street, an unreinforced masonry office building had a 
partial collapse. Figure 10 shows the partial collapse of the structure. Anchor bolts were observed at the 
ceiling level of the 2nd floor. These anchor bolts were attached to steel framing, indicating seismic 
retrofits were attempted. The anchor bolts were observed in Figure 10b and 10c in the close ups of the 
northern and southern portion of the building damage. These anchor bolts seem to have no masonry 
attached to them, indicating they pulled out of the existing masonry during the earthquake. 
 The unreinforced masonry buildings located on Main Street between 2nd and 3rd Streets were 
retrofitted and performed well during the earthquake. These buildings were green tagged, and business 
was able to continue shortly after the earthquake occurred.  These structures and successful retrofits are 
discussed in Section 2.3.2. 
 The Goodman Library is a structure that is a documented historical building in California. This 
building was retrofitted for seismic performance approximately ten years prior to the earthquake. 
However, seismic retrofits were not performed to the tower on top of the building. The structure 
performed well during the earthquake, however, there was a partial collapse of an unreinforced masonry 
tower on the top of the building. The Goodman Library is located on 1st Street between Coombs and 
Randolf Streets. 




 On Main Street and Clinton Street is a building called the Vintners Collective. The majority of 
the observed damage was concentrated to the front of the structure shown in Figure 12. In the back of the 
structure was a timber deck that showed no sign of damage. Along the north and south faces of the 
structure cracks were noticeable in the masonry façade, but no collapse. The front of the structure, 
however, saw a significant amount of damage. A parapet was observed to be tied back to the structure and 
saw limited to no sign of damage. Anchors were visible on all sides of the building. However, the inside 
of the building was not visible to inspect the internal structure to which the masonry was anchored. 
2.3.2 Buildings without collapse 
 The buildings located on Main Street between 2nd and 3rd Street were unreinforced masonry 
buildings that had previously had seismic rehabilitations. These buildings performed very well during the 
August 24th Napa Earthquake and subsequent aftershocks. Typical rehabilitation methods that were used 
were strong back columns with through anchors as shown in Figure 13 shows examples of strong backs 
installed in some of the buildings. In many of the buildings new steel ledgers were also installed to 
support the unreinforced masonry facades. Figure 14 is an example of these new ledgers.  
2.4 Industrial Buildings 
 The industrial buildings that were examined include buildings that are not used for office, 
residential, or wine storage. These buildings are large structures with tilt-up building construction, wood-
frame, or steel-frame with metal deck roofs. Industrial buildings saw limited damage in the Napa Valley 
Earthquake. There were no full collapses of the structures.  
 There are two Target store buildings in Napa, one located off of Soscal Blvd, and the other 
located in Bel Aire Plaza. Both of these structures were examined for damage. The Target located on 
Soscal Blvd, constructed first, uses steel joists to span in between steel columns. The roof diaphragm is a 
metal deck. This building had a green tag, and no damage was visible from the inside or outside of the 
building. Figure 15a shows the roof joists and metal deck diaphragm.  




 The Target located in Bel Aire Plaza experienced partial collapse of a tower in the front of the 
store. Figure 15c shows the tower tilting towards the store. This structure was built after the Target on 
Soscal and was timber construction. Inside of the store, there were temporary walls constructed around 
the damage. Figure 15d shows the temporary blocking installed. This area was blocked off to employees 
and customers. Shoring was installed around the temporary walls shoring the existing roof girders. Figure 
15b shows how the shoring posts were attached to the existing roof girders. The panelized roof could be 
seen through the ceiling tiles that had been removed.  
 A collection of industrial buildings were located northeast of the Napa Airport. Figure 16 shows 
photos of the Ben Franklin Press & Label Company. This building was constructed as a butler building 
located in this industrial park. This building had no visible damage to the outside.  
 Mare Island was originally a Naval Base located near Vallejo, California. This is now a series of 
older 1930s industrial buildings. Much of the damage observed in this area could not be distinguished 
between previous damage, and damage due to the 8.24 Napa Valley Earthquake. One of the structures, 
however, did have recent masonry damage. Figure 17 shows the fallen existing masonry due to the 
earthquake. This structure was a typical industrial facility from the 1930s. 
2.5 Wineries and Wine Warehouses 
 Examination of wine warehouses and winery facilities demonstrated the damage to the wine 
barrels and wine fermentation tanks. The wine warehouse building structures saw damage as well, 
sometimes due to the impact of the barrels on the steel frame, and sometimes it was unrelated.  Two 
wineries were visited during the reconnaissance trip. For the privacy of the wineries, they will be referred 
to as Winery A, Winery B, and Winery C. Photos were taken at Winery B, however, consent for 
publication was not given. 
 The Southgate Mini Storage is a wine barrel storage facility located on the northwest side of 
downtown Napa. Approximately 45 different wineries house their barrels here totaling about 18,000 
barrels in the warehouse. According to the owner, about 10,000 of these barrels fell from the racks onto 
the floor, and another 20% of the barrels were leaning in the racks. Figures 18a – 18d show the wine 




barrel damage due to the storage rack collapsing on the floor of the warehouse. Figure 18e shows a steel 
column of the warehouse buckled because of wine barrel impact damage. Figure 18d shows a steel 
column with buckled flanges due to impact of the fork truck during daily operation. The owner of the 
warehouse indicated this was common. 
 Another wine storage facility is located downtown on 459 Walnut Street. This storage facility did 
not see collapsing of their storage racks, but did have roof damage, which caused some of the wine barrels 
to fall over. The roof of the building collapsed at the south portion of the building. From the exterior of 
the structure, damage on the south façade parapet was observed. The roof joists pulled away from the 
ledger on the east and pulled out of the pylaster on the south. Figure 19c shows the anchors that pulled out 
of the masonry walls. The photo demonstrates that the pull out on the south end exposed clean rods.  
 Winery A is located out on St. Helena’s Hwy in the heart of the Napa Valley. The damage at this 
facility consisted of structural damage to the main house, wine barrel damage due to wine barrels falling 
off of the racks, and anchorage pull out failures of fermentation tanks. The loss of wine was minimal at 
Trefethan winery.  
 The main house at the winery is an 1886 timber framed house. The wine barrels that are empty of 
wine are filled with water to hydrate and placed on the second floor of the house. The barrels are stacked 
two or three high. The house was seen to be leaning as shown in Figure 20. The winery hired a surveyor 
to track targets on the house. The house moved 1/2 – 5/8inch in 24hours from August 25-August 26.  
 Behind the main house is the storage facility for the wine barrels.  The stacks of wine barrels 
moved about two feet during the earthquake. They were originally stacked against the wall, and scrap 
marks could be seen on the ground. Due to the damage of the barrels, the owner lost approximately 10% 
of the wine. Figures 21a – 21c shows the damage of the wine barrels in the north and south storage rooms 
at the winery. Figure 21d shows the movement of the wine storage racks during the earthquake. The 
storage racks were up against the wall before the earthquake.  
 During the earthquake the winery never saw loss of water or electricity. However, four tanks 
were damaged during the earthquake. The damage occurred to tanks that were anchored to the ground and 




that were full of wine. Empty tanks that were not anchored to the ground did not see any damage.  
Movement of the empty tanks that were not anchored could be measured. Figure 22a shows that multiple 
tanks saw movement off of the anchorage system. Figure 22b shows a close up measurement of the 
amount of movement of one of the tanks to be about 8inches. 
 Damage to the fermentation tanks at the base occurred to those tanks that were anchored to the 
concrete base. Figure 23a – 23d shows the buckling of the steel tank wall at the base. Damage to the 
upper portions of the tanks was also visible. These dents can be attributed to the catwalk banging against 
the tank during the earthquake. An example of this can be seen in Figure 23e. Anchorage failure was not 
seen in these tanks.  
 Winery B in Napa also saw fermentation tank damage. Similar to Winery A, the anchored and 
full tanks were the tanks that saw damage. The tanks at the Mondavi winery showed buckling of the steel 
tank wall, and anchor failure. No wine was lost from this damage. The tanks that saw the most damage 
were the 20,000 gallon tanks where the catwalks were connected to the tanks. Damage due to banging of 
the catwalk against the tank wall was observed. The seam in one of the 20,000gallon tanks ruptured due 
to buckling of the exterior wall. There were eight 20,000gallon tanks, six of them were full and saw pull 
out failure of the anchors and damage to the steel tank wall. Although the barrel storage facility was not 
examined, the winery conveyed that about 1,000 barrels were lost out of about 30,000 barrels.  
 Winery C is located in St. Helenas Hwy near Winery A and B. Winery C did not see any damage 
to their fermentation tanks or barrels. This is one of the largest producers of wine in the area, they have 
tanks that are 100,000 gallons, 50,000 gallons and 25,000 gallons. The main damage seen at Winery C 
was breaking of the ammonia valves on the tanks. Ammonia lines are used on the tanks located outside, 
glycol lines are used on the tanks located inside. Harvesting of the white grapes started 3 weeks ago for 
Winery C. The empty tanks did not have anchor failures while the full tanks did have anchor failures. The 
winery did not lose any wine. In the barrel facility there were 10,000 barrels in 2 barrel racks, 5 high and 
no damage was seen. There was no damage to the engine room. Insulation around the base of the tanks 
was scraped off to look at the anchor bolt failures. The cracks in the insulation indicated elephant footing 




of the tanks. But the tanks could still hold liquid, so no replacement was needed. Two types of anchoring 
was used: (1) anchor rod epoxied into foundation, and (2) stainless steel plates with tabs embedded in 
foundation. The main issues were breakage in the ammonia lines to the tanks. Figure 24a shows an 
undamaged anchor to the outside tanks. Figures 24b-24e shows damage in the insulation of the 
fermentation tank indicating damage to the steel tank below. Figure 24f shows the undamaged barrel 
storage facility.  
2.6 New Building Construction 
 A series of new buildings were constructed in downtown Napa around 1st Street and School 
Street. One of the structures was a timber framed building on a concrete podium, the other structure was a 
steel moment-frame structure. The timber framed building exhibited damage to the adhered veneer 
façade. Figure 25 shows the damage observed from the outside of the building.  
 On School Street between 1st and 2nd Street was a new steel moment-frame building that had 
significant damage to the south façade wall. This building was built around 2008, and the south wall of 
the building was a balloon wall that was not properly anchored to the floor slabs. At the base of the 
structure the wall moved 7inch. At the top floor (3rd floor) the wall moved about 14inch. The north wall 
of the building was not constructed as a balloon wall, but rather, the exterior wall was attached to the top 
and bottom of the concrete floor slabs at each floor. This building was green tagged and was being 
occupied on the third floor. Figure 26a shows the bowing of the south exterior wall as seen from the 
street. Figure 26b shows the separation of the exterior wall from the building. This photo is taken from 
the inside of the first floor looking east. Figure 26c demonstrates the amount of separation seen of the 
south exterior wall from the building on the 2nd floor slab looking downward. Figure 26d shows the clip 
angles that were used to attach the exterior wall to the floor slab. This figure shows these clip angles did 
not hold the exterior wall in place. Cracks were seen on the concrete floors above the beams in between 
the columns. These cracks observed seemed larger than standard shrinkage cracks. Figure 26e shows one 
of the cracks observed. Figure 26f demonstrates the amount of separation of the exterior wall from the 
floor slab on the 3rd floor of the building.  




2.7 Special Structures 
 The post office located in downtown Napa on 2nd street between Randolf and Franklin Streets is a 
historical steel framed and masonry building. The majority of the damage occurred at the front and back 
of the structure (north and south faces). There were large windows in the front of the post office which 
were shattered. At each corner of the building the steel column base plate was visible and shear cracks in 
the exterior masonry façade were noticeable. Figure 27 shows the damage to the post office. The post 
office was red tagged. 
 The first Presbyterian church is located one street over from the post office on third street 
between Randolf and Franklin Streets. This church was constructed in 1874 and is one of the oldest 
churches in Napa. The church had a yellow tag on it. The damage was mostly focused on the glass 
windows facing Randolf Street. A few of these windows shattered. The weather vane that is located on 
the top of the structure was crooked as well. Figure 28 shows the damage to the windows and the weather 
vane.  
 The Methodist Church in downtown Napa is located on Randolf street between 3rd and 4th Streets. 
This building’s front face (facing Randolf Street) had separated from the roof. The stain glass windows 
that were present on this face were still intact. Figure 29 shows a view of the structure from Randolf 
Street facing 4th Street.  
2.8 Surface rupture 
 At the time of building evaluation, surface rupture in roads was only visible in a few locations. 
Much of the road damage documented from the earthquake was repaired within a few days. The surface 
rupture that was still visible was seen north of downtown on Meadowbrook Lane near Dellbrook Drive. 
This surface rupture had been previously captured by the news outlets [2].  Figure 30 shows the upward 
movement of the sidewalk in this area.  




 Surface rupture was also visible still near the epicenter of the earthquake near the Stone Bridge 
School. The patches in the pavement are evident in the photos, however, surface rupture in the ground can 
be seen in Figure 31.  
2.9 Summary of structural damage 
 The August 24, 2014 Napa Valley earthquake caused damage to buildings in the downtown Napa 
region, residential neighborhoods around downtown Napa, and to the wineries. The damage observed in 
downtown Napa was mainly concentrated on the URM building stock, many of which were historical. 
The URM buildings that had seismic retrofits generally performed well during the earthquake with little 
to no damage. Those buildings that did not have seismic retrofits, or lacked robust retrofits experienced 
damage to the exterior walls. The damage observed to the residential communities was concentrated 
around downtown Napa and consisted of chimney damage, cripple wall damage, and collapse due to lack 
of foundations.  
 The remainder of this report will focus on the damage documented from the wineries. The 
wineries and wine warehouses visited during this reconnaissance trip experienced damage in the form of 
wine barrels falling off of racks, and damage to steel tanks used for wine fermentation and storage. 
Sections 3 and 4 of this paper will mainly focus on previous earthquakes and research that demonstrated 
similar damage to cylindrical steel tanks used in the wine industry. The damage that observed during 
previous earthquakes and the Napa Valley earthquake was buckling of the tank walls, anchorage failure to 
the concrete base, and damage to the top of the tank due to pounding of the catwalk system against the 
tanks. 




   (a)      (b) 
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Figure 1: Napa Valley Marina (a) Boat dry docked at marina, (b) Boats docked in water, (c) Boats 
docked in water at marina 
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(c) 
Figure 2: Apartment building on the corner of Franklin street and 3rd Street, downtown Napa (a) 
Stucco has fallen off of inside timber wall, (b) Front door of building, shear cracks in stucco, (c) 








   (a)      (b) 
Figure 3: Typical chimney damage for residential homes in downtown Napa 
  




   (a)      (b) 
   
   (c)       (d) 
 
Figure 4: Cripple wall damage at 1251 Jefferson Street (a) Front view of house, (b) Movement of 
house off foundation at northeast corner, (c) Front view of house from south, (d) Back view of 












Figure 5: Damage at 1261 Jefferson Street (a) Front of house from south, (b) Garage door in front 
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(c) 
Figure 6: Single-family residential home damage at Vallejo and Ramone Streets (a) East view of 
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  (c)      (d)      (e) 
Figure 7: 984 Vallejo Street timber framed apartment building (a) Back view of building, (b) Zoom 
in of southeast corner of building, (c) Shear cracks through masonry façade back of building, (d) 












   (a)      (b) 
Figure 8: Northeast corner of Brown Street and 3rd Street (downtown Napa), unreinforced masonry 
building (a) Photo of Southwest corner of building, (b) Photo of east face of building 
 
   (a)      (b) 
Figure 9: Justice Building in downtown Napa (a) East face of building, (b) Zoom into north portion 













Figure 10: Unreinforced masonry building at Brown Street and 2nd Street in downtown Napa (a) 
West face of building facing Brown Street, (b) Close up of southern portion of building, (c) Close up 
of Northern portion of building  
  




   (a)      (b) 
 
   (c)      (d) 
Figure 11: Goodman Library located in downtown Napa (a) North face of structure, (b) Close up to 
entrance of building, damage to decorative column cornice, (c) Close up of tower on top of 
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   (a)       (b) 
 
   (c)      (d) 
Figure 12: Vintners Collective building in downtown Napa (a) East face of structure facing Main 
Street, (b) Southeast corner of structure with cracks in masonry, (c) North face of structure, (d) 











Figure 13: New strong back steel columns used as successful seismic retrofits for unreinforced 
masonry building structures (a) Strong back column with wood panel decoration located in 
building at corner of 3rd street and Main Street, (b) Strong back framing installed in Borreo 
Building, (c) Strong back column with wood panel decoration located in building at corner of 3rd 
street and Main Street, (d) Strong back framing installed in Borreo Building 
 
 




   (a)      (b) 
Figure 14: New ledgers installed as successful seismic retrofits for unreinforced buildings in 
downtown Napa (a) New ledger in Borreo Building, (b) New ledger in building at Main Street and 
3rd Street 
  




   (a)      (b) 
 
    (c)      (d) 
Figure 15: Target stores in Napa (a) Roof joist and metal deck in target store off of Soscal Blvd. , 
(b) Installation of shoring post for roof girder in Bel Aire Plaza Target store, (c) Tilting of tower at 
target store in Bel Aire Plaza, (d) Temporary blocking of damaged area in Bel Aire Plaza Target 
store. 




   (a)      (b) 
 
(c) 
Figure 16: Ben Franklin Press & Label Company (a) Concrete tilt-up wall on south face of 
building, (b) Loading docks for trucks on east face of building, (c) Loading docks for trucks on east 
face of building 
  




   (a)            (b) 
 
(c) 
Figure 17: Mare Island Industrial Building (a) View looking up at missing masonry bricks, (b) 




















   (c)      (d) 
 
   
   (e)      (f) 
 
Figure 18: Southgate Mini Storage (a) – (d) Wine barrels collapsed on floor, (e) Steel column 
buckled because of impact of wine barrels, (f) Steel column flange buckled because of fork truck 
impact 
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   (a)     (b) 
 
   (c)          (d) 
Figure 19: Wine Barrel Storage Facility at 459 Walnut Street (a) Exterior damage to south façade, 
(b) Roof collapse at south side of building, (c) Anchors pulled out of pylaster wall were clean, (d) 
Existing roof framing in structure 
  




   (a)      (b) 
 
(c) 
Figure 20: Main house at Winery A (a) Photo of the north face of the house, (b) Close up photo of 









   (a)      (b) 
 
   (c)      (d) 
Figure 21: Wine Barrel Damage at Winery A (a) Wine barrels fell off racks in North storage room,  
(b) Wine barrels fell off racks in North storage room, (c) Wine barrels fell off racks in South 
storage room, (d) Movement of wine barrel racks in North storage room 
 
   (a)      (b) 
Figure 22: Movement of empty unanchored tanks at Winery A (a) Movement of many tanks, (b) 
Close up measurement of movement 




    (a)     (b) 
 
    (c)     (d) 
 
(e) 
Figure 23: Damage to fermentation tanks at Winery A (a) Buckling of steel tank wall at base, (b) 
Buckling of steel tank wall at base, (c) Buckling of steel tank wall at base, (d) Buckling of steel tank 
wall at base, (e) Damage to upper portion of tank due to catwalk-tank banging during earthquake 
 
  




   (a)      (b) 
 
   (c)      (d) 
 
   (e)      (f) 
Figure 24: Fermentation tank damage at Winery C (a) Undamaged exposed tank anchor, (b) – (e) 
Cracks in tank insulation implies buckling of the steel tank underneath insulation, (f) Undamaged 
wine storage rack facility 
 
 




   (a)      (b) 
Figure 25: 1440 1st Street, Downtown, Napa Adhered Veneer damage to new building construction 
(a) View looking Northwest on 1st Street from Franklin Street, (b) View looking Northwest on 1st 
Street from 1st Street between Franklin and School Street 
  













    (e)    (f) 
 
Figure 26: School street between 1st and 2nd Street (a) Photo of south wall from exterior of building, 
bowing of wall is due to damage of earthquake, (b) Separation of exterior wall at south of building, 
photo taken looking east, (c) Photo taken on 2nd floor of building, measurement of separation of 
exterior wall from floor slab, (c) Photo taken on 2nd floor of building looking upwards, broken clip 
angles to connect exterior wall to floor slab, (d) Cracks in floor slab in between columns on 2nd 
floor, (e) Photo taken on 3rd floor of building look down at floor slab, separation between exterior 
building wall and floor slab 





Figure 27: Downtown Napa Post Office (a) North face of building with windows shattered, (b) 
South face of building, (c) Northeast corner of building, (d) Northwest corner of building, (e) Steel 
column base plate exposed at northwest corner of building 
 
 




    (a)     (b) 
Figure 28: First Presbyterian Church (a) Tilted weather vane on top of church, (b) Shattered 
windows on Randolf street face of building 
 
Figure 29: Methodist Church in downtown Napa 




Figure 30: Surface rupture damage near Meadowbrook Lane and Dellbrook Lane north of 
downtown Napa 
  




Figure 31: Surface rupture near South Brook School in Napa 
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3. PREVIOUS EARTHQUAKES 
 The damage observed and documented in Section 2 from the August 24, 2014 Napa Valley 
Earthquake was not unique to this earthquake. Previous earthquakes throughout the world have produced 
similar damage that reconnaissance teams have documented. This section will address previous 
earthquakes that exhibited similar damage to that observed in the Napa Valley Earthquake. These 
earthquakes include the 1977 San Juan Earthquake where wine storage tank damage was observed; the 
1980 Greenville-Mt. Diablo Earthquake caused damage to over 100 steel wine storage and fermentation 
tanks in Livermore; the 2003 San Simeon Earthquake had Unreinforced Masonry Building damage, wine 
barrel and wine storage tank damage, and chimney failures in residential building construction 
documented; the 2010 Maule Earthquake caused wine storage tank damage; the 2011 Christchurch 
Earthquake had Unreinforced Masonry Building damage and façade damage to concrete buildings; and 
the 2013 Malbourough Earthquake caused wine storage tank damage. This section will highlight previous 
earthquakes that have caused similar damage to the Napa Valley Earthquake, focusing on the damage 
documented at wineries. 
3.1 Unreinforced Masonry Buildings (URM) 
 Unreinforced Masonry structures (URMs) are buildings where the load bearing walls, non-load 
bearing walls, or other parts of the building such as chimneys are constructed out of masonry materials 
(brick, cinder, adobe, etc.) that are not reinforced with rebar or steel-framing. These are typically 
historical buildings with masonry facades. The term URM structure is used often in earthquake 
engineering to refer to buildings of a certain hazard level. URM structures typically refer to historical 
buildings because URM structures are not code compliant in many areas of the world. For instance, new 
construction of URM buildings was banned in California in 1933, and in 1986 provisions were passed 
requiring seismic retrofits to existing URM buildings [3].  
 URM buildings are at risk for partial or full collapse during an earthquake because the masonry 
walls are weak in resisting lateral loads produced by earthquakes. In addition, these walls have large 
masses, which attract larger lateral loads to them. The diaphragms of these buildings are typically wood-




frames diaphragms which are very flexible. Therefore these buildings have weak heavy walls, with 
flexible diaphragms. The connection of these two building components is minimal or non-existent. 
During an earthquake, the heavy and weak walls have nothing tying them to the building. This causes a 
major safety hazard for communities as heavy masonry units “peel” off of the building and often fall into 
the street.   
 The downtown area of Napa hosts many URM structures. Some of these structures have had 
seismic retrofits in the past 15 years. Many of the buildings without seismic retrofits experienced 
significant damage. The type of URM damage that was observed in downtown Napa has also been seen in 
previous earthquakes around the world and has been well documented and researched.  
 A magnitude 6.5 earthquake struck the central coast of California in December of 2003. The 
maximum recorded ground motions for the vertical, east-west, and north-south directions were 0.26g, 
0.43g, and 0.47g respectively [4]. The structural damage documented from reconnaissance efforts 
included significant damage to the downtown area of Paso Robles, which contained many historical 
buildings. Nonstructural damage was documented in the Templeton and Atascadero areas. Minor 
structural and nonstructural damage was documented in the San Luis Obispo and Oceano areas. The 
observed structural damage in historic downtown Paso Robles was concentrated in a small three block of 
the downtown area where URM buildings were located [4]. The state and local codes targeted retrofits to 
be completed by 2008-2018, therefore, many of the buildings did not have seismic retrofits.  
 The nonstructural damage documented in Atascadero was mainly façade damage. The City Hall 
building was a reinforced concrete space frame with brick façade built around 1918 [4]. The damage 
documented included the brick façade peeled away around the top rotunda. There were cracks to the 
interior partition walls. This structure was partially retrofitted and therefore saw limited damage.  
 The 2010-2011 Canterbury Earthquake sequence caused significant damage to the URM building 
stock of the Christchurch area [5]. From the 2010 Canterbury earthquake, there have been over 11,000 
aftershocks that constitute the Canterbury earthquake sequence. The Central Business District (CBD) was 
host to a large amount of URM buildings, and the maximum horizontal ground motion measured in the 




area has reached 0.15g. Two studies were performed on URM buildings that produced data on the 
performance of these buildings during earthquakes [5]. The first study took place in the Christchurch 
CBD and documented the damage to URM buildings. The second study focused on stone URM buildings 
in Christchurch. There was a large number of stone URM buildings in Christchurch as compared with 
other areas of New Zealand because they were historical buildings.  
 The results of these studies produced a comprehensive list of types of the common failures 
observed in the URM buildings examined. These failures were not unique to the Canterbury earthquake 
sequence; rather they were similar to failures observed after other earthquakes around the world [5]. The 
most common types of failures to URM buildings included damage to: 
• Chimneys  
• Gable end walls 
• Parapets 
• Awnings 
• Out-of-plane walls 
• Anchorages 
• Corners 
• In-plane walls 
In addition to the types of damage listed above, damage due to URM buildings pounding against one 
another was also observed after the Canterbury earthquake sequence. The out-of-plane wall damage 
included damage to the wall-diaphragm connection where the out-of-plane bed joint was sliding [5]. The 
out-of-plane bed joint was the anchorage of the exterior wall to the diaphragm. This type of damage was 
also seen after the Napa Valley Earthquake, however, many of the buildings that were damaged did not 
have a wall-diaphragm connection. The survey of clay brick URM buildings in the Christchurch CBD 
demonstrated no clear trend of the damage to the buildings. The data, however, was consistent with the 
location of the fatalities that were reported as associated with URM building damage [5].  




 The stone URM buildings located in the Christchurch CBD are included on the New Zealand 
Historic Places Trust register. These buildings were designed mainly by the same architect and 
constructed between 1850 and 1930, therefore having very similar architectural features and using similar 
materials for construction. The framing of these buildings consist of URM stone walls on the outside of 
the building. The internal framing of the buildings was cast iron or steel framing, internal masonry walls 
supporting flexible timber floors and roof diaphragms, or timber roof trusts. The evaluation of these 
buildings in Christchurch demonstrated that the stone URM buildings performed better than the clay brick 
URM buildings [5].  
3.2 Façade damage to new building construction 
 Façade damage was observed in one building located in downtown Napa. This building used 
adhered veneer for the façade and portions of the façade fell off during the earthquake. Previous façade 
damage was observed during the 2011 Christchurch earthquake to concrete buildings [6]. Facades can 
potentially pose a great hazard to the public during an earthquake by causing injury or harm due to heavy 
falling objects. It is also important to note that there are structural (lintels, brick, precast panels, etc.) and 
non-structural (glazing, mullions, thermal insulation, etc.) performance levels for facades. These 
performance levels are not necessarily the same as it is expected that the non-structural components of the 
façade will be damaged during an earthquake while the structural components will remain undamaged 
[6].   
 After the 2011 Christchurch Earthquake a survey of 298 façade systems was performed [6]. 
These façade systems covered 173 buildings, with a maximum of two façade systems per building. The 
façade systems could be placed in 11 different typologies of facades. The different typologies can be 
summarized as: heavy cladding (mass greater than 80kg/m2) , lightweight cladding and infill (mass less 
than 80kg/m2). This discussion will focus on the lightweight cladding damage documented during the 
2011 Christchurch Earthquake.  
 The type of lightweight cladding with the worst performance was a curtain wall that had been 
constructed no more than 15 years before the earthquake [6]. This type of cladding detached from the 




building completely and in many cases fell into the street. The failure occurred in the cases documented 
because the aluminum framing for the curtain wall was screwed to a wooden subframe. The screws failed 
due to either shearing or tear out of the wooden subframe [6]. 
   Glass damage was observed for all lightweight cladding structures examined that contained glass. 
The glass damage could be placed in three categories: (1) glass was undamaged, (2) glass was damaged 
but remained in the frame, and (3) glass was shattered and fell out of the frame. Over 50% of the 
buildings examined with lightweight cladding had glass undamaged. About 2/3 of the buildings had glass 
that fell out of the frame. The remainder of the buildings examined had glass that shattered but remained 
in the frame [6]. These damage categories present different risks to pedestrians and are included in FEMA 
356 [6]. FEMA 356 provides a standard for building owners performing seismic retrofits on their existing 
buildings [7]. This document was superseded by ASCE 41 [8].  The majority of the damage that was 
documented for glass damage occurred because the frames restricted the movement of the glass panels 
[6]. 
3.3 Damage to Industrial Facilities 
 The damage to wine facilities after the Napa Valley earthquake could be categorized as: (1) 
damage to stainless steel wine storage or fermentation tanks, and (2) damage to wine storage barrels from 
falling off shelving units. Similar damage has been observed in previous earthquakes in Argentina, 
California, Chile, and New Zealand. The commonality among the previous earthquakes discussed in this 
subsection is buckling of the stainless steel tanks. Squat tanks, categorized as having height to diameter 
(H/D) ratios of about 1, demonstrated “elephant foot” buckling of stainless steel tank walls. Tall tanks, 
categorized as having H/D ratios of about 2, demonstrated diamond-shaped buckling of the tank walls. In 
all cases those tanks that saw the most damage were steel tanks that were full at the time of the 
earthquake. In addition to buckling of steel tank walls, anchorage failure occurred in each of the previous 
earthquakes discussed in this subsection.  
 In November of 1977, a magnitude 7.4 earthquake struck Argentina about 80km north-east of the 
city of San Juan [9]. The main shock was followed by a series of strong aftershocks measuring as high as 




6.0. The damage from the earthquakes included a large area of liquefaction, full or partial collapse of 
adobe structures, and damage to many of the steel wine storage tanks. Seismoscope records in the San 
Juan area measured ground motion in the north-south, vertical, and east-west to be 0.19g, 0.12g, and 
0.19g respectively [9]. The duration of ground motion greater than 0.10g was 22 seconds [9].  
 Investigations to wine storage tanks were conducted after the earthquake. Six wineries were 
selected for the study [10]. The wineries were located southeast of the epicenter of the earthquake and 
aftershocks. The observed tank damage included buckling of steel tank walls and anchorage failure at the 
connection of the tanks to the concrete base. All of the tanks examined demonstrated “elephant foot” tank 
wall bulging. This damage was observed at the first course from the bottom of the tank, or just above the 
joint from the first to the second course of the tank. Anchorage failure was observed in all of the tanks as 
well. Rehabilitation efforts occurred after the earthquake for these anchorage failures and this included 
strengthening of the existing anchorage system in addition to reducing the amount of liquid in each tank. 
Four of the tanks fully collapsed due to the earthquake. In addition to the tank shell bulging, some of the 
tanks exhibited weld rupture at the point the bottom course joins with the angular plate used as part of the 
anchorage system. This caused loss of liquid inside of the tank.  
The 1980 Greenville-Mt. Diablo Earthquake resulted in damage at the Wente Brothers vineyard in 
Livermore, California [11]. Documentation of the damage indicates over 100 stainless steel tanks were 
damaged at the vineyard. The earthquake had a magnitude of about 5.5. The majority of the damaged 
tanks that were full with wine and were not anchored to the concrete base. These tanks were free to uplift 
at the base of the tank wall because of the lack of anchorage. Those tanks that were anchored to the 
concrete base had anchors broken [11]. Tank damage was also caused by the tanks either colliding with 
each other or with the catwalk.  
The 1984 Morgan Hill Earthquake, while not a strong earthquake for California, provided good data 
on the performance of tanks and buildings.  The earthquake was a magnitude 6.2 with ground motions 
measuring to be 0.31g, 0.50g, 0.63g, 0.41g, and 1.29g from stations around the area of the ground motion 
[12]. The industrial facilities that were examined after the earthquake were chemical and oil facilities that 




had stainless steel tanks for storage of materials. Observations after the earthquake provided insight into 
the behavior of these tanks during an earthquake. The United Technologies Chemical Systems Division 
Facility used a tall oxygen tank. This tank “walked” about 6inches from its original position. The tank 
was originally not anchored to a base. The facility also used water tanks that are about 200,000gallons 
each. These tanks also moved from their original foundations and at least one of the tanks demonstrated 
damage to the piping connection because of this movement [12].  
The reconnaissance efforts after the 1989 Loma Prieta Earthquake demonstrated tank damage in the 
soft-soil regions of California. Tank damage was observed in those tanks that were full at the time of the 
earthquake, those tanks that had a height to diameter ratio of more than 0.5 were most vulnerable [13]. 
The tanks that were examined were not just at wineries but also fuel tanks. One of the fuel tanks 
examined showed damage at the location of attachment of the drain pipe at the bottom of the tank. The 
drainage pipe at the bottom of the tank restricted the tank from uplift causing a hole in the bottom of the 
tank. Another facility had six unanchored tanks. These tanks exhibited signs of damage as well. The tanks 
examined experienced the most damage from the uplift of the tank [13].  
Another factor that influenced the damage observed to the tanks was the catwalk. The catwalks in 
these facilities racked against the tank walls and caused significant damage to the stainless steel tanks 
[13]. Similar damage was seen in the Napa Valley Earthquake at the wineries that were examined. In 
some cases where the catwalks were attached to the tank walls, there was even more damage.  
The 2003 San Simeon Earthquake caused damage to the wineries in Templeton, California. 
Templeton is home to many wineries that experienced damage during the earthquake. This is one of 
California’s largest wine regions accounting for $170 million a year in revenue [14].  Limited damage to 
the buildings was observed in Templeton rather the damage was concentrated to the wineries. Wineries 
stack their wine storage barrels, and in some cases the barrels fell off of the storage racks, in other cases, 
the storage racks shifted on the ground [4, 14]. The wineries reported loss of wine because of broken 
barrels and broken wine bottles. In addition to the broken bottles and barrels, damage to the stainless steel 
storage tanks was reported and documented during the reconnaissance efforts [4, 14].  




The February 2010 Maule Earthquake affected the majority of the wineries in Chile. The earthquake 
was felt in a region where 70% of the wine production of Chile takes place. The ground motion measured 
during the earthquake was about 0.35g [15]. The damage to the wineries mostly fell in three categories: 
(1) damage to steel fermentation tanks, (2) wine storage barrels falling off their racks, and (3) spilled 
unprocessed wine.  
Stainless steel tanks can be either leg supported, or continuously supported tanks with a flat base. 
Damage was observed to both of these tanks. The legged supported stainless steel (LSSS) tanks are used 
often to ferment and store small volumes of high quality wine. These tanks are usually between 10-50m3 
in capacity [16]. The damage to the LSSS tanks included buckling of the supporting legs caused by axial 
resultant forces from the overturning moment, and movement of the tank resulting in the tank falling off 
of the supporting concrete base when the LSSS tanks were not anchored to the concrete base [15]. 
Buckling of LSSS tanks was not observed after the Napa Valley Earthquake, however, movement of 
unanchored LSSS tanks was documented in Section 2.5. During the Maule Earthquake, those LSSS tanks 
that were provided enough room to move, and were unanchored performed better than the anchored 
legged tanks. However, when the tank moved, there was damage to the piping systems [15]. Movement of 
the tanks was observed up to 20cm, which is consistent with the movement of the tanks seen during the 
Napa Valley Earthquake and discussed in Section 2.5.  
Those tanks that are continuously supported with a flat bottom are typically larger storage and 
fermentation tanks and are called flat bottom tanks. The flat bottom tanks are also anchored to concrete 
slabs. Damage that was observed to these tanks during the 2010 Maule Earthquake included anchorage 
failure and buckling of the stainless steel tank wall. Anchorage failures were caused by insufficient edge 
distance, insufficient number of anchors, corrosion of the anchors, insufficient effective anchorage length, 
inadequate resistance of the concrete foundation surrounding the anchor, and lack of proper steel 
reinforcement surrounding the anchor. Anchorage failure typically occurred in conjunction with the 
diamond buckling shape failure of the steel tank walls [16]. The steel tank walls buckled in two ways: (1) 
diamond shape buckling, and (2) “elephant foot” failure. The diamond shape buckling failure was more 




common in tall, slender tanks, whereas the “elephant foot” failure could be observed in the squat tanks 
that were full of liquid [16]. The damage that was observed during the Napa Valley Earthquake was 
mainly the diamond shape buckling failure of the stainless steel wall in conjunction with anchorage 
failure of the tanks to the concrete base.  
Another common failure that was observed after the 2010 Maule Earthquake was failure at the 
connection of the piping to the tanks. This type of failure occurred when the tank shifted or rocked during 
the earthquake, and also because of the racking of the piping system against the wall of the tanks during 
the earthquake. Both of these conditions were also observed after the Napa Valley Earthquake as well. 
Buckling of tank walls at the top courses occurred during the Maule earthquake due to the suction effect 
when there was rapid loss of liquid inside of the tank. This did not occur in tanks without a roof as no 
suction effect occurred. This type of observed damage could have been prevented if a relief valve was 
present [16]. 
There was no formal evaluations performed to the wineries in New Zealand after the 2013 
Malbourough Earthquake, however, local news outlets reported wineries suffering from damage after the 
earthquake [17, 18, 19]. The New Zealand news outlets reported that a number of wineries needed to 
close after the earthquake that was approximately a magnitude 6.6. Wineries reported to the news that 
wine spilled out the top of the tanks indicating these tanks did not have tops on them, or that there was 
tank failure at the top of the tanks [18]. In one case, the news reported a stainless steel tank that had fallen 
over with a capacity of 40,000L [19]. Other wineries reported leaking tanks, which indicates there was 
damage to the tanks at the magnitude to cause tank rupture. Lastly, the National Business Review 
reported that some of the anchorage bolts connecting the tanks to the concrete base failed [17]. 
3.4 Summary of previous earthquakes  
 After the August 24, 2014 Napa Valley Earthquake, damage was documented. This damage 
included URM building partial and full collapses, façade damage, and damage to stainless steel wine 
storage and fermentation tanks. The documented damage presented in Section 2 is not unique to this 
earthquake. Rather, this damage has been observed in other earthquakes around the world. Structural 




engineers have learned from previous earthquakes through reconnaissance trips. These trips allow for 
structural engineers to view damage due to earthquakes and modify building design practices to limit 
future damage to structures in earthquakes. For example, the constant damage to URM building structures 
have allowed structural engineers to develop ways to retrofit URM buildings to withstand earthquake 
forces. This was evident after the Napa Valley Earthquake as many of the URM buildings that had 
seismic retrofits performed well during the earthquake.  
 However, constant damage to stainless steel tanks has not changed the practices adapted by the 
wine industry to change tank construction and configurations to ensure better performance during 
earthquakes. This is evident through the documentation of previous earthquakes that have seen similar 
damage to the steel tanks as observed after the Napa Valley Earthquake. These previous earthquakes 
include the 1977 San Juan Earthquake in Argentina, 1980 Greenville-Mt. Diablo Earthquake, 2003 San 
Simeon Earthquake, 2010 Maule Earthquake, and the 2013 Malbourough Earthquake.  
 The next chapter of this report will discuss previous research on the behavior of stainless steel 
tanks during earthquakes. Previous research on the behavior of URM building structures and 
improvements engineers can make to the building practice has already occurred and is well documented 
[3]. The focus of this next chapter will be on improvements engineers can make to prevent damage to the 
stainless steel tanks and to the anchorages used to attach the tanks to a concrete base.  




4. PREVIOUS RESEARCH 
 Previous research on the behavior of fluid-filled cylindrical steel tanks during earthquake events 
will be discussed in this section. Section 3 presented the failure of these tanks during previous 
earthquakes beginning with the San Juan Earthquake in Argentina in 1977. The governing codes on these 
tanks include American Petroleum Institute (API) 650 [20] and American Water Works Association 
(AWWA) D-100 [21]. Both of these codes are compared with research findings throughout this section.  
Research on this topic has shown that the behavior of ground supported cylindrical steel tanks depends 
upon the anchorage type (anchored, unanchored), the foundation (rigid, flexible), the presence of a roof, 
and the ground motion. Unanchored tanks are controlled by uplift mechanisms and perform better when 
on a flexible foundation. The anchorage of anchored tanks needs to be designed carefully to prevent uplift 
of the tanks and ensure the anchorage attachments do not rupture or there is no pullout failure of the 
anchors from the concrete base. The previous research discussed in this section will be divided into three 
categories: (1) Simplified analytical models, (2) Previous experimental research, and (3) Base isolation 
systems.  
4.1. Simplified analytical models for cylindrical fluid-filled tanks 
 Simplified analytical models were derived to predict the base shear and overturning moment for 
fluid-filled tanks during an earthquake for ground supported anchored tanks with a rigid foundation [22-
26]. These models use the dynamic mass effect of the fluid inside of the tank to model the hydrodynamic 
effects of the liquid. The first models developed [22, 23] assumed two types of ground displacements 
translatory (convective) and impulsive in the horizontal direction only. This research determined there is a 
portion of the liquid in the tank that moves in a long period, while the remainder of the liquid moves 
rigidly with the tank walls. The liquid that moves with the tank wall is called the impulse period and 
moves with the same acceleration as the ground during an earthquake. The translatory (convective, 
sloshing) behavior is a result of the impulsive pressures. The impulse period is the major contributor to 
the base shear and overturning moment of the tank during an earthquake. However, these first models 




assumed the tank walls were rigid and did not deform during their own motion. This assumption caused 
nonconservative  base shear and overturning moment predictions using these simplified models.  
 Additional models that were built off of the work created by Housner [22] and Jacobsen [23] 
demonstrated that the tank walls will deform and cause the impulse motion to be larger than originally 
determined [24, 25, 26]. The flexibility of the tank walls can cause the impulsive motion to be great than 
the ground acceleration. A method for analyzing the seismic response of fluid-filled cylindrical tanks was 
developed using computer software [26]. This method was benchmarked against tests performed in the 
laboratory. The basis of this method is to compute the hydrodynamic pressure of the fluid on the tank 
walls. The fluid is assumed to be homogenous and the tanks are assumed to be anchored to a rigid base.  
 Veletsos and Tang [27] built on the simplified models previously produced [24, 25, 26]. They 
developed models for tanks with flexible foundation and lateral and base excitation effects on the 
response of the tank. Until this point, the models developed were for ground supported tanks with rigid 
foundations only. Two types of interactions were examined: Kinematic interaction (KI) and inertia 
interaction (II).  Kinematic interaction is caused by the inability of a rigid foundation to conform to the 
non-uniform motion of the structure. Inertia interaction is caused by the coupling of the structure with the 
foundation and soil. Both of these interactions reduce the effect of impulsive components during an 
earthquake and the reductions are more significant in short broad tanks than in tall slender tanks [27]. For 
structures with flexible foundations, the reductions due to II are greater than the reductions due to KI.  
 The methods of predicting the dynamic behavior of cylindrical steel tanks were continued to be 
improved by Leon and Kausel [28]. They showed that the methods of determining maximum compressive 
stress in the tanks using API 650 [20] code could lead to underestimations in both anchored and 
unanchored tanks. For anchored tanks, Leon and Kausel [28] demonstrated that the anchors or hold down 
straps need to be designed not only for strength, but for stiffness as well. Anchored tanks could be 
subjected to buckling if straps are not stiff enough in compression with respect to the tank itself [28]. 
When using API 650 [20], the compression stresses are overestimated in the tank shell wall and the strap 
stresses are underestimated. Leon and Kausel [28] provide correction factors to account for this when 




designing anchored tanks. They concluded that buckling of the tank wall may occur at lower seismic 
forces than what is prescribed by API 650 [20].  
 API 650 [20] equations imply elastic limits to the lift-off displacements. While in some cases 
these limits are realistic during an actual earthquake, other times these lift-off displacement limits are 
rather large implying elastoplastic approximations are not appropriate. In this case the limits would 
require mobilization of the fluid inside of the tank to unrealistic levels [28]. In reality, the tank wall would 
buckle under compression forces before such displacements could be obtained. This means nonlinear 
behavior of the tank and the fluid need to be considered in the analysis. More accurate lift-off 
displacements could be obtained through analysis of the formation of plastic hinges. This type of analysis 
does not imply the tank would fail as stable postbuckling behavior of the tank is obtainable [28].  
 Peek and Jennings [29] built off the previous models to predict the dynamic behavior of 
unanchored tanks. The overturning moment for unanchored tanks is affected by the horizontal inertia of 
the liquid contents, however, because the tank is unanchored, only a portion of the weight of the liquid 
contributes to the stabilizing moment. Peek and Jennings [29] determined the analysis of unanchored 
tanks could be simplified by assuming the uplift conditions of the base plate at any location around the 
circumference depends on the vertical uplift at that location and not the vertical uplift at any other 
location around the circumference. This assumption implies a relationship between the vertical tension 
force in the tank wall and the vertical uplift at the base at a given location around the circumference of the 
tank. This assumption is referred to as the weak circumferential variations and allows for a simplified 
method of determining the force-displacement relationship of the base. 
 Peek and Jennings [29] also found that the maximum allowable compressive forces in the tank 
wall were either too high or too low in design standards [20, 21]. The maximum allowable compressive 
stress should be determined so that the design of tank walls prevents elastic instability due to vertical 
compressive stresses. The design standards [20, 21] were overconservative with respect to the allowable 
compressive stress because they are based upon the results from cylinders tested under uniform 
compression [29]. The maximum allowable compressive stress in codes [20, 21] should also prevent 




yielding of the tank wall due to combined hoop stress, vertical compressive stress, and bending stresses. 
This is especially important because when the tank wall yields there is a drastic reduction in stiffness of 
the material [29].  
 Malhotra et al. [30]  built upon the previous work performed by Veletsos and co-workers [24, 27] 
to produce a simple procedure for seismic analysis of liquid-storage tanks. The modification made to the 
procedure simplified the methodology and made the procedure more generally applicable to a variety to 
tanks. A purely elastic analysis of a simplified single degree of freedom (SDOF) system representing 
impulsive and convective modes of vibration of the liquid-tank system was developed [30]. The simple 
procedure presented by Malhotra et al. [30] was compared with detailed model nonlinear analysis and 
shows good agreement. This procedure is also based upon the equations provided in AWWA D-100 [21]. 
Although this procedure is a simple method of obtaining the base shear and the overturning moment for a 
tank subjected to earthquake forces, in regions where there is strong ground motion, it may be impractical 
to design for forces obtained from an elastic analysis. The forces obtained from an elastic response 
analysis are quite large and often reduced by factors of three to obtain design forces. Therefore when 
tanks are subjected to strong ground motions, they often perform nonlinearly and sustain some damage. 
However, there are no acceptable methods of nonlinear seismic analysis for fluid-filled tanks. Unlike 
building structures, these tanks do not have energy dissipation mechanisms.  
 After the 2010 Maule Earthquake, the simplified method presented by Malhotra et al. [30] was 
used to determine the allowable stress for the damage steel tank walls [16]. The tanks that were examined 
were used as examples and calculations were performed to understand if allowable stress using a 
simplified model would predict failure in the tank walls. The results of this study demonstrated that those 
tanks that exhibited tank wall buckling during the 2010 Maule Earthquake exceeded the allowable stress 
in the tank wall using the Malhotra et al. [30] simplified model.  
4.2. Experimental research 
4.1.2.1. R.W. Clough et al. [31, 32] 




 A research project was initiated in 1975 at University of California, Berkley’s Earthquake 
Simulator Facility to examine models of liquid-storage steel tanks during earthquake events [31]. The 
tank models that were tested were scaled models from a typical tank used in industry. The tank walls were 
bolted to the tank bottom, which in turn was bolted to the shake table to prevent sliding from occurring 
during the test. Table 1 shows the dimensions of the test tanks, the dimensions of the industry tank it 
represents, and the thickness of the tank walls both for the bottom and top courses.  























12 6 36 18 0.080 0.050 
7 3/4 15 23 1/4 45 0.090 0.063 
 
 The 12ft diameter tank tested used 3ft high aluminum sheets welded together to create the wall of 
the tank. One course was used with the thickness of 0.080in, and one course with the thickness of 0.050in. 
The 7 3/4ft diameter tank used 5ft high aluminum sheets welded together to form the wall of the tank. 
Two courses were used with the thickness of 0.090in and one course with the thickness of 0.063in.  
  Both tanks used anchorage systems to prevent uplift of the tank during shaking. Small angles 
were welded to the base of the tank at 36 equally spaced locations around the circumference. These angles 
could be clamped to the shake table if desired. 
 The tanks were tested for four parameters: (1) anchorage at the base: free to uplift, or anchored to 
the shaking table, (2) water depth: three levels of water depth were considered ranging from 50% full to 
85% full, (3) earthquake ground motion, and (4) roof condition (with and without) 
 The results of these tests were compared with predicted simplified approaches [22] available [32]. 
For the anchored tanks the maximum compressive axial stress was compared with predicted results using 
the elementary beam formula. The comparison showed the beam formula underestimates the predicted 
axial compressive stress. For the unanchored tanks, the methods prescribed by API 650 [20] and AWWA 




D-100 [21] were used to predict the maximum axial stress. The comparison showed that the formulas 
underestimated the maximum axial stress for unanchored tanks with rigid foundations; however they 
overestimated the maximum axial stress for unanchored tanks with flexible foundations. In addition, these 
prediction methods were only applicable when a yield stress value of the steel of the base plate was 
greater than 71.2ksi was used in the equations. This represented an unrealistic yield stress for steel used in 
the base plates of cylindrical fluid-filled tanks at the time. Clough et al. [31] compared the test results to 
the predicted values using a more reasonable yield stress for the base plate. This comparison 
demonstrated much thicker base plates were necessary to meet the design requirements. 
 The predicted axial stress in the tank walls underestimates the actual dynamic axial stress for 
unanchored tanks on a rigid foundation. A flexible pad underneath the tank was shown to be very 
effective in redistributing the maximum axial stresses in the tank wall therefore the calculated values 
using the procedure in API 650 [20] and AWWA D-100 [21] greatly overestimate the actual measured 
stresses for unanchored tanks on flexible foundations.  
 The stresses in the tank wall measured during the testing of the unanchored and anchored tanks 
on flexible and rigid foundations were measured during the tests. The displacement of the tank shell and 
the stress in the tank shell was much larger in the unanchored tanks versus the anchored tanks at the same 
seismic excitation level. The stress in the tank wall was compared with the maximum allowable stress 
from API 650 [20] and AWWA D-100 [21]. The only tank that demonstrated stresses above the 
maximum allowable was the unanchored tank on a rigid foundation. However, the maximum allowable 
stresses reported in API 650 [20] and AWWA D-100 [21] do not represent the maximum allowable 
stresses to prevent critical buckling due to overturning moment. In some cases, the measured axial stress 
in the tank wall exceeded the allowable axial stress, but no buckling of the tank wall was observed. 
Therefore, it was suggested that the allowable values of axial stress in the tank walls should be 
reevaluated [32].  
 The tests also showed that the behavior of tanks that were not anchored to the shake table was 
controlled by the uplift mechanism. Both the anchored and unanchored tanks demonstrated significantly 




higher order out-of-round distortions during the seismic loading [32]. This behavior is of critical 
importance in the overall structural response of the tanks because this type of distortion can cause weld 
rupture and buckling of the tank wall [32]. Lastly, a less rigid foundation tends to relieve the tank wall 
from high compressive axial stresses during seismic loading. However, if the foundation is not rigid 
enough, this may contribute to large uplift compressive membrane stresses in the tank wall [32]. The 
tanks that were anchored to the shake table showed reduced displacement and axial stress response. 
However, considerable force was present in the anchors and they need to be designed to resist the forces 
[32].   
4.1.2.2. Niwa and Clough [33] 
 The damage to the Wente Brothers Vineyard due to the 1980 Greenville-Mt. Diablo earthquake 
demonstrated the need for experimental testing of fluid-filled tanks under seismic loads [33]. These 
experiments were similar to those previously tested by Clough et al. [31, 32]. Two steel tanks were tested 
on a shake table and were 9.5ft in diameter and 20ft in height. The volume of the tanks was about 11,000 
gallons. Both tanks were manufactured by commercial tank manufacturers and Tank #1 represented those 
tanks used by the industry, Tank #2 had thicker steel plates and strong anchor devices. No damage was 
observed during the testing of Tank #2 [33]. 
 The tanks were tested with the ground motion from the 1980 Greenville-Mt. Diablo earthquake, 
obtained from the United States Geological Survey (USGS). The maximum horizontal acceleration was 
0.125g and 0.184g, the maximum vertical component was 0.117g. The station that obtained this ground 
motion was located 3 miles southwest of the Wente Brothers Vineyard, therefore it is reasonable to 
assume a similar ground motion was experienced at the vineyard where the stainless steel tanks were 
damaged.  
 Tank #1 was tested three times; each test varied the peak horizontal and vertical accelerations. 
The first test used peak horizontal acceleration of 0.40g and peak vertical acceleration of 0.21g. The 
second test used peak horizontal acceleration of 0.64g and peak vertical acceleration of 0.37g. The third 
test used peak horizontal acceleration of 0.95g and peak vertical acceleration of 0.39g. The first test did 




not yield any visible buckling of the tank walls, however, rocking of the tank was measured with a 
maximum amplitude of 3in at the top of the tank. The second test of Tank #1 resulted in moderate 
buckling of the steel tank wall at base of the tank. This buckling was a diamond shaped buckling. The 
third testing of Tank #1 resulted in extensions of the buckling seen in the second test, but also the same 
type of buckling occurred at the base of the tank on the opposite side.  
 The tests originally assumed that the ground motion record acquired was the same as at the 
vineyard, however, the results of the experiment demonstrated otherwise. Buckling of over 100 steel 
tanks at the Wente Brothers Vineyard was documented after the Greenville-Mt. Diablo earthquake, 
however, the first test of Tank #1 demonstrated no buckling of the steel tank walls.  
 The three tests of Tank #1 occurred with an unanchored tank. A final test was conducted with the 
provided anchorage system by the tank manufacturer. The anchorage system used a base angle welded to 
the steel tank and bolted to a concrete base using 1/2in diameter anchor bolts. This tank was subjected to a 
maximum horizontal acceleration of 1.0g. The weld used in the anchorage system fractured during an 
early phase of the ground motion. In addition, the anchor bolts ruptured at an angle of 45o from the 
ground motion axis. The buckling of the steel tank demonstrated during the second and third tests of Tank 
#1 were also seen during this test, however, to a greater extent.  
4.1.2.3. Haroun [25] 
 Haroun performed analytical and experimental research to improve the design and performance 
of fluid-filled cylindrical tanks during seismic events. The research was carried out in three phases: (1) 
theoretical analysis of fluid-shell interaction [26], (2) full-scale experimental research to understand the 
dynamic response of fluid-filled cylindrical steel tanks, and (3) development of an improved design 
methodology for fluid-filled cylindrical steel tanks. The first phase was previously discussed and carried 
out with Housner to improve upon the original equations developed [26]. The second phase of the 
research project built upon the work performed by the research group at U.C. Berkeley [31, 32, 33], 
which performed one of the first experimental testing programs on fluid-filled cylindrical tanks. The 
previous research was performed at 1/3 scale [31, 32, 33], therefore, the work included in this research 




project was full-scale tests. Three full-scale experiments were conducted on ground supported, welded 
steel, water storage tanks provided by Metropolitan District of Southern California.  
 Each of the tanks tested were cylindrical tanks with a height to diameter ratio greater than one. 
Table 2 below shows the dimensions of each of the tanks tested including the diameter, height, volume of 
water storage, and thickness of the courses of steel used to construct the walls. 












Tank Top Course 
Thickness 
[in] 
No. Anchors & 
Dia. Anchors 
1 48 71 11/16 1/4 100 – 1 3/8in 
2 60 64 3/4 1/4 None 
3 60 80 1 1/4 1/4 Caisson Supported 
  
 The tanks were subjected to forced vibration and measurements were recorded on their dynamic 
behavior and benchmarked against the analytical approach developed.  The results of the test showed that 
the foundation detail of the tanks had a significant influence on the dynamic behavior of the tank. Tank #3 
with a rigid foundation did not demonstrate rocking motion. Tank #2 which was not anchored to the 
ground performed differently than the other two tanks, and motion was unable to be recorded at a low 
excitation level. The presence of a roof does not prevent radial deformations of the tanks. Large dynamic 
forces required to produce high excitations of the full-scale tanks was a safety concern. Therefore, only 
low level excitation levels were produced. Full-scale tanks were carried out on a shaking table which 
subjected the tanks to constant frequency of excitation with an increasing amplitude of the shake table.  
These tests were performed to examine the buckling behavior of the tanks. The tests demonstrated that 
buckling of the tank walls is largely dependent up on the n=1 mode response, and the test results 
correlated well with the theoretical values. These tests highlighted the need for more scaled tests on fluid-
filled cylindrical steel tanks to further investigate the findings concluded by the tests performed at U.C. 
Berkeley [31, 32, 33]. 




4.3. Base isolation systems 
 The simplified methods developed to predict the dynamic behavior of fluid-filled cylindrical 
tanks [22-30], and the large-scale tests performed on cylindrical fluid-filled tanks [11, 25, 31-32] 
demonstrated that a flexible foundation could relieve the large axial compression stresses that develop in 
the tank walls. Analytical research on base isolation systems for liquid-filled tanks shows how different 
base isolation systems can act as energy dissipaters for fluid-filled cylindrical tanks during earthquake 
events. Gregoriou et al. [34] examined seismic protection devices for liquid gas filled steel tanks. 
Typically the seismic protection devices used in liquid gas filled tanks are rubber bearings that effectively 
detach the structure from its base but ensure there is enough restoring force and providing enough energy 
dissipation during a seismic event. Gregoriou et al. [34] specifically examined lead core rubber bearings 
and linear rubber bearings analytically through the use of finite element method (FEM) models of the tank 
and base isolation system.  
 The results of the analysis performed by Gregoriou et al. [34] demonstrated that both types of 
bearings will reduce the base shear force by 70% from a non-isolated fixed base condition. The maximum 
shell stress was reduced by 60% in comparison with the non-isolated fixed base condition. However, the 
sloshing height for fluid in the tanks with either lead core rubber bearing or a linear rubber bearing 
remains approximately the same as a non-isolated fixed base tank. The reduction in base shear and 
overturning moment is due to the decrease in impulsive pressure in the tank. As previously discussed, the 
simplified models developed [22, 23] determined the impulsive pressure is the main contribution to the 
base shear and overturning moment. The sloshing pressure and period during an earthquake is the result 
from the impulsive pressure. 
 Most recently Christovasilis and Whittaker [35] also examined the behavior of liquid gas storage 
tanks during seismic events. Previous analytical models have been simplified to provide designers with a 
method to obtain base shear forces, overturning moment, and freeboard to preliminarily design a tank [22, 
25, 30]. Preliminary tank designs include the dimensioning and determination of basemat, foundation, and 
anchorage details. In addition, tank dimensions can be determined as well as the global demand and 




response of the tank to seismic events. However, these simplified analytical models need to be followed 
by detailed FEM models for the final design of the tank.  The FEM models built during this research 
study were for LNG (liquid natural gas) tanks. The construction of these tanks is typically double-wall 
construction with insulating thermal effects on the inner tank that stores the LNG at specified 
temperatures. The outer tank is typically designed as post-tensioned concrete.  
 This study examined the effect of two-second and three-second seismic isolation systems on LNG 
tanks. The models of the isolated tanks were created to simulate Lead-Rubber elastomeric bearings or 
Friction Pendulum sliding bearings [35]. The isolated period was set to be two seconds or three seconds 
based upon the post-elastic stiffness.  
 The conclusions of this study demonstrated that the analog developed by Malhotra et al. [30] 
provided accurate predictions for the dynamic behavior of seismically isolated and conventionally 
constructed tanks. The tanks examined had an H/R ratio of one and a height of about 121ft (37m). For 
these tanks, the contribution of sloshing to base shear and overturning moment could be neglected 
because the conventional period is significantly higher than the impulse period and the spectral 
accelerations used were small in the range of the sloshing mode. The two-second and three-second 
isolation systems modeled reduced the base shear of the tanks by 80% and 85% respectively from 
conventional tank construction. These systems also reduced the global overturning moment by 82% and 
86% from conventional tank construction for the two-second and three-second isolation systems 
respectively. The sloshing modes or convective response of the tanks was not affected by the introduction 
of these seismic isolation systems.    
4.4. Summary 
 Ground supported tanks are used to store a variety of liquids (e.g. water, oil, wine, chemicals, 
etc.).  During an earthquake, adequate performance of these tanks can be crucial for maintaining operation 
of modern industrial facilities. Previous earthquakes discussed in Section 3 have shown that these tanks 
are vulnerable to damage during earthquakes. Large axial compressive stresses in the tank walls can cause 
buckling of the tank wall [24-35], rapid loss of liquid can cause the top courses of the tank to buckling 




[16]. High stresses at the base of the tank can cause anchorage failures or rupture the tank wall [28, 29, 
33]. Large base shear can cause unanchored tanks to slide. Tanks that are unanchored can rock causing 
damage to the piping equipment connected to the tank walls [36].  
 Simplified models have been produced [22-26, 30] to allow designers to calculate the base shear 
and overturning moments due to earthquake forces. These models have shown that the liquid inside of the 
tank and the flexibility of the tank walls can amplify the base shear and overturning moments during an 
earthquake. In addition, the models have demonstrated that rigid or flexible foundations can significantly 
affect the dynamic response of these tanks [27, 28]. These models have shown the maximum allowable 
compressive stresses reported in codes should be reevaluated to take into account vertical compressive 
forces and the combination of vertical compressive stress, hoop stress, and bending stress to prevent 
yielding of the tank walls [29].  
 These models were compared with experimental tests performed [25, 32, 37] on cylindrical fluid-
filled tanks. These experimental tests highlighted the need for further investigation into anchorage design 
for anchored tanks during an earthquake and thicker tank walls. The damage to the tanks observed during 
the experiments was consistent with damage viewed in previous earthquakes [33].  
 Analytical modeling on base isolation systems has progressed for the application to LNG tanks 
[34, 35]. These systems significantly reduce the base shear and overturning moment of the tanks by 60-
80% due to seismic forces. The analytical modeling performed was FEM modeling and compared with 
simplified methods [30] with good agreement for preliminary design. These research projects highlight 
the need for similar projects for liquid-filled cylindrical tanks for the wine industry. LNG tanks are 
double-walled tanks with the outside wall typically post-tensioned concrete as compared to the single-
walled steel tanks used in the wine industry. 
4.5 Future research needs 
 The previous research that has been conducted on cylindrical fluid-filled tanks can be dated back 
to Housner developing a simplified model to predict the overturning moment of the tank during a seismic 
event. The full-scale and large-scale tests conducted at UC Berkeley [32, 33] and Cal Tech [25] 




demonstrated the behavior of cylindrical steel fluid-filled tanks during an earthquake. These tests also 
highlighted the uplift mechanism that controls the behavior of unanchored tanks, and the need for detailed 
designed anchorage systems for anchored tanks. In addition, these tests demonstrated that the rigid 
foundation many of these tanks use in construction will affect the behavior of the tanks during an 
earthquake. Subsequent research on cylindrical fluid-filled tanks has progressed to the behavior of LNG 
tanks [34, 35]. However, these tanks are not applicable to the wine industry or the damage that has been 
continuously documented during reconnaissance trips [33, 36]. 
 More research is needed on retrofit or new construction designs for wine-filled cylindrical steel 
tanks. This research needs to conform with the expected performance objectives for the vineyards. Many 
wineries are located in regions with strong ground motions (e.g. California, New Zealand, Argentine, 
Chile). These tanks should be designed for nonlinear seismic behavior. The engineering community has 
demonstrated the ability to perform this research when applicable to LNG tanks and petroleum filled 
tanks. There is a disconnect between the wine industry and the engineering industry with respect to the 
capabilities and performance expectations of the tanks. Engineers have the ability to design tanks that 
limit buckling of tank walls and anchorage failure due to seismic forces. After the 2013 Marlborough 
Earthquake in New Zealand, news outlets reported on the behavior of the tanks during the earthquake. 
One vineyard was quoted:   
“The tanks are bolted to the slabs with earthquake bolts and the bolts did what they were designed to do. 
They stretched, and in some cased broke, but that’s what they are designe to do – they kept the tanks 
upright” – The National Business Review NZ Winegrowers chief executive Philip Gregan [17] 
 
The anchor bolts are not meant to dissipate the energy from the earthquake, but rather prevent the tank 
from rocking off the foundation. The above quote demonstrates that the anchor bolts failed during the 
earthquake. Previous research and developed analytical procedures would allow engineers to design tanks 
without this behavior occurring.  
  





 The Napa Valley Earthquake that occurred on August 24, 2014 caused damage in the downtown 
Napa business district, surrounding residential communities, and at wineries. The damage in the 
downtown area was concentrated mainly on URM buildings that did not have any seismic retrofits. The 
damage in the residential communities was focused on chimney damage and cripple wall damage. This 
report focused mainly on the damage viewed at the wineries, which consisted of buckling of the 
cylindrical steel tank walls, anchorage failure of the steel tanks, and wine barrels falling off of racks.  
 The damage observed at wineries was not unique to the Napa Valley Earthquake. Documentation 
from previous earthquake damage has shown similar damage to the cylindrical steel tanks and wine 
barrels. Structural engineers travel to the sites of earthquake damage to learn from the performance of 
structures in earthquakes. Seismic codes and building practices are improved upon after earthquakes to 
prevent similar damage from occurring in future hazards. The documentation on the damage of 
cylindrical steel fluid-filled tanks used in the wine industry has demonstrated this has not occurred for the 
wine industry. Previous earthquake damage to these tanks is almost identical to the damage observed after 
the Napa Valley Earthquake. Many of the tank walls buckle significantly rupturing the welds and cuasing 
the contents of the tank to spill out. Codes and standards have developed for both the water and oil 
industries [20, 21] to prevent damage to tanks during earthquakes.  
 The performance expectations for these tanks by the engineering community and the wine 
industry should be integrated to improve upon the design and construction of cylindrical steel fluid-filled 
tanks. Previous research has shown there are developments of base isolation systems for tanks used in the 
natural gas industry. Additional research on tanks used in the wine industry could develop methods to  
improve the performance of these tanks so that they are not seriously damaged during earthquakes.  
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APPENDIX A: FIELD NOTES FROM BUILDING 
EVALUATIONS 








Date:                   08/27/2014 
Description of Day: Examined buildings in downtown Napa with Dr. Abe Lynn (Cal Poly), wine storage facility,    
 and residential neighborhood outside of downtown Napa 
 
Building 
Number Description Type of Building No. Stories Damage to Surrounding Buildings? 
1 Post Office 
Steel framed 
building with brick 
masonry façade 
We were not 
allowed inside of 
the building, but 
we can assume 
this was just a 1 
story structure 
The post office is surrounded by small businesses and residential buildings 
in the downtown area. Many of them faired well/decent. None of their 
windows were shattered like this. 
2 Uptown Movie Theater Unknown Unknown This movie theater was next door to building #3 and across the street from building #4 
3 
Apartment building on 






This apartment building took up most of the city block in length, but not in 
width. The damage did not seem to warrant a red tag, however, we 
discovered the inspectors were being conservative until structural engineers 
came to look. 
4 First Presbyterian Church  Unknown Unknown The street of Randolf had some minor damage to residential homes, mostly chimney damage 
5 House on the corner of 4th and Randolf Unknown Unknown 
The street of Randolf had some minor damage to residential homes, mostly 
chimney damage 
6 Methodist Church on Randolf between 3rd and 4th Unknown Unknown 
The street of Randolf had some minor damage to residential homes, mostly 
chimney damage 
7 Randolf and 4th Street Unknown Unknown The street of Randolf had some minor damage to residential homes, mostly chimney damage 
8 3rd street between Main and Coombs URM 
2 (we did not go 
inside, could be 
more) 
This street is located across from the Justice building 
9 Justice building Unknown Unknown This building was across Coombs from the "Bail Bonds" building 
10 Parking Garage Structure Reinforced Concrete 2 
Yes, this parking garage was across the street from Building #8 with the 
sloped roofs 
11 Restaurant at 1st and Main street "First National Bank" Unknown 
1 (we think, 
could be more) None 
12 Southgate Mini Storage - Wine Coop 
Tilt up steel 
structure - this 
structure did not 








construction N/A N/A 
Date:                   08/27/2014 
Description of Day: Examined buildings in downtown Napa with Dr. Abe Lynn (Cal Poly), wine storage facility,    
 and residential neighborhood outside of downtown Napa 
Building 
Number 
Building floor plan 
irregularities Tag Comments on Damage 
1 
Front of building has tall 
windows that are not seen on 
other sides of the building. 
Damage concentrated to 4 
corners of building structure. 
Red 
Shear cracks around building mostly focused at the four corners. The front of the building was the worst. 
All of the windows were shattered. Steel columns could be seen at the corners of the buildings as the 
masonry had spalled away. Damage was mostly in the EW direction (the fault runs NS). The windows 
were only shattered at the front of the building.  
2 Unknown Red Cracked portion of the building near the "O" in Uptown. Shored sign 
3 
This seemed like a typical 
apartment building, 
however, we did not spend 
much time inside. 
Red Plaster on the walls has been removed from the shaking. Shear cracks near doors and windows, cracks in stairs and sidewalk leading into apartment building. Stucco has come off the exterior of the structure 
4 Unknown Yellow 
The building was constructed in 1874. This is the oldest church in Napa Valley. The weather vane is 
cruked therefore restricted use (we don’t know if this is thereason, only speculation). One of the main 
windows was shattered 
5 Unknown N/A Chimney has fallen 
6 Unknown N/A Front of building has seperated from the roof 
7 Unknown N/A Chimney has fallen 
8 
From the outside of the 
building they looked like 
typical floor plans 
Red 
This refers to an entire city block of URM buildings that have partial collapses. The building that is closest 
to 2nd street (has a pitched roof at some points) looks like there was retrofiting performed on the building, 
but no plates for the through bolts from the steel to the masonry can be seen. Therefore, one has to 
conclude that the bolts were epoxied into the URM. This clearly was not an appropriate solution. The 
building that is on the south corner of the street (bail bonds) was pushed to have renovations performed, 
but chose instead to only have architectural features renovated.  
9 Unknown Red The top of the building at the southeast corner collapsed  
10 None Green 
This building performed really well. Cracks seen were most likely from before the EQ. There were a lot of 
shear walls present in the structure, and although some the mid-height shear walls made the columns 
shorter (this was a problem in Haiti), the structure did not fail. 
11 
We did not go inside of this 
structure, but it was a typical 
rectangular floor plan 
Yellow Terra cotta damage at the front of the structure, green tagged for inside, but yellow tagged for outside seating. The structure had the proper retrofit 
12 
This was a warehouse that 
was a typical tilt up steel 
construction.  Besides the 
visible column buckling 
there was no other damage.  
Green 
Barrels on racks moved toward the north (the fault was NS). About 18,000 barrels in the facility: 60% 
knocked over, 20% leaning (all approximates from owner). This should take about 1 month to clean up. 
About 20% of the barrels were destroyed. Some of the columns in the tilt up frame were buckled, but 
before the EQ some of them were damaged due to machinery driving into them. There are 45 wineries that 
share this space. 
 
Date:                   08/27/2014 
Description of Day: Examined buildings in downtown Napa with Dr. Abe Lynn (Cal Poly), wine storage facility,    




Building floor plan 
irregularities Tag Comments on Damage 
Residential 
Neighborhood N/A N/A 
The side walk popped up from what it looked like compression in the soil underneath. The machinery was 
at the site quickly to repair the roads the sidewalk. The carports collapsed in the housing structure. 
Date:                   08/28/2014 
Description of Day: Examined wineries and wine storage facilities with Dr. Abe Lynn and Josh Marrow 
 
Building 
Number Description Type of Building No. Stories Damage to Surrounding Buildings? 
1 Wine Storage Facility (459 Walnut Street) 
Masonry building with 
timber framed roof 
About 80ftx50ft in floor plan 
1 None that we could see. The damage to this building was difficult to find just from the exterior 
2 Residential House (1251 Jefferson) 
Timber framed residential 
home 3 Limited damage  
3 Winery A 
Post and beam construction 
of main building 
**On facebook page there is 
a video of shots by drone 
3 Other buildings showed limited or no damage. They had sheathing or were steel framed 















Date:                   08/28/2014 




Building floor plan 
irregularities Tag Comments on Damage 
1 None None yet.  
The roof of the building collapsed at the south portion of the building. From the exterior of the structure, you 
could see there was damage on the south façade parapet. The roof joists pulled awsay from the ledger on the 
east and pulled out of the pylaster on the south. The pull out on the south end was clean rods 
**Note: Josh Marrow called the hotline to get this building inspected it is going to take about 2 weeks to get 
an inspector out. They are going to try and do some emergency shoring and building a temp. wall to block 
off the damaged area. This will allow for the building to be red or yellow tagged and for the facility to 
remove the barrels under the fallen roof. 
2 None Red The cripple wall collapsed on all sides. Poor foundations, crackes on the gable of the roof. 
3 
None 
**Water filled wine 
barrels were stacked 
three high on 2nd floor 
Red 
No sheathing was present on the building that was red tagged. The building was built in 1886, and housed 
empty wine barrels on the 2nd floor. The wine barrels when empty of wine are filled with water to keep 
them hydrated. Therefore creating a mass concentration on the 2nd floor of the structure. The building was 
being monitored visually and through surveyors hired. The structure moved 1/2-5/8inch over night on 
Tuesday. The owner would like to shore the building and empty it so that harvesting can occur. The winery 
did not lose that much wine, faired very well, maybe about 10% loss in barrels. In the barrel warehouse the 
stacks of barrels moved about two feet during the quake. They stack against the walls (BAD). They never 
lossed power or water during or after the quake. Four tanks were ruined from the quake, and the catwalk was 
destroyed that goes between the tanks. Those tanks that were emptied and anchored did fine. The tanks that 
were filled with wine did not do okay. 
4 N/A N/A 
Tank damage was observed at this winery. This is one of the largest producers of wine in the area, they have 
tanks that are 100,000 gallons, 50,000 gallons and 25,000 gallons. The main issue they had was breaking of 
the ammonia valves on the tanks. For those tanks outside they use ammonia, the tanks inside they use 
glycol. Harvesting of the white grapes started 3 weeks ago for them. The empty tanks did not have anchor 
failures while the full tanks did have anchor failures. The winery did not lose ANY wine! In the barrel 
facility there were 10,000 barrels in 2 barrel racks, 5 high. No damage. There was no damage to the engine 
room. Insulation around the base of the tanks was scraped off to look at the anchor bolt failures. The cracks 
in the insulation indicated elephant footing of the tanks. But the tanks could still hold liquid, so no 
replacement. Two types of anchoring was used: (1)  anchor rod epoxied into foundation, and (2) stainless 
steel plates with tabs embedded in foundation. The main issues were breakage in the ammonia lines to the 
tanks. The worst failure of this occured where the catwalk was made of steel instead of aluminum. 
Date:                    08/29/2014 
Description of Day: Examined structures in downtown Napa and Industrial Buildings with Degenkolb Engineers Team 
 
Building 
Number Description Type of Building No. Stories Damage to Surrounding Buildings? 
1 
Wells Fargo Bank 
Building in Downtown 
Napa 
Unknown 1 or 2 URM damage in surrounding buildings 
2 Goodman Library URM Building 2 Window shattering and debris falling off surrounding businesses 
3 
1440 1st Street & 
Other buildings on 
block 
New construction 5 The buildings on this block and across the street all had façade damage 
4 School Street between 1st and 2nd Street 
New Construction - Special 
Steel Moment Frame 
building 
3 
The building across the street on 1st street had façade damage and 
was discussed as "Building 2" The new buildings in the area had 
façade damage, however, this building's damage was unique to the 
area 
5 Winery B Examined tank damage N/A N/A 
6 
Building next door to 
1251 Jefferson Timber frame residence 2 Building next door is red tagged because of collapse foundations 
7a Target - Soscal 
Metal decking industrial 
building 1 None/Limited 
7b Target - Bel Aire Plaza Wood framed building 1 None/Limited 
8 
Ross Building - No 
pictures 
Wood framed building with 
caste pylaster walls 1 None/limited 
9 935 yount Street CMU with flexible diaphragm 1 Limited 
10 984 Vallejo Brick with timber 3 Limited 
11 Jarvis Conservatory Unknown Unknown Limited 







Date:                    08/29/2014 




Building floor plan 
irregularities Tag Comments on Damage 
1 None Yellow/Green Banking of building against neighboring building 
2 Unknown Red Retrofitted by Degenkolb recently. Damage at the top of the building 
3 Unknown Yellow New building construction. Adhered venere damage to the structure. The was the worst of the area and of the new buildings.This is timber frame over concrete podium 
4 C-Shaped building Green  
The south wall of the building was not anchored to the base, and was not anchored to the floor slabs 
properly. This was a ballooned wall and during the earthquake seperated from the structure by at most 14 
inches at the top and 7 inches at the bottom. The north wall was not constructed like this and anchored to the 
floor slab, however, the west wall was constructed in balloon construction and did just fine. Only one 
moment frame could be seen in the east-west direction, but many in the north-south direction. The walls 
coming in perpendicular to this wall were anchored to the sheet rock rather than to the metal stud wall. The 
contractor put temporary angle braces stabilizing the south wall and the building was green tagged as a 
result, however, the gap was still there. the building was occupied on the 3rd floor. There were cracks on the 
concrete slabs above the beam lines. The building was constructed in about 2008 
 
5 N/A N/A 
Only damage on the full tanks that were anchored down. Photos from inside the tanks are 7500 gallon tanks. 
Anchors failed because of the tanks rocking back and forth. The catwalks were connecting many of the tanks 
which causes more damage. Six high, two barrel racks stacked against wall, and about 1000 barrels damaged 
out of 30000. One tank leaked (20,000 gallon tank). Tank #83, anchor failure crashing inot the catwalk. 
Some damage to the glycol lines for the 20,000 gallon tanks. Tank #97 leaked and the walls buckled. All of 
the 20,000 gallon tanks had wall damage. There were 8 tanks in total, 2 of them were empty and even those 
saw damage. Anchorage failure on all of the full tanks. Anchors were about 4 inches in length wedge 
anchors. 
6 Soft story Red  Timber frame soft story, cracks indicate movement of building to the south 
7a None Green Pictures of the locations of steel joists and metal decking.  
7b None Green 
The tower was leaning at the front of the building. The store has blocked off the area and shored up some of 
the framing members for gravity purposes only. This building should have been Yellow or Red tagged. No 
sprinkler damage, everything was on the floor on sunday morning. Only contractors had access to "behind 
the scenes". Additional shoring and steel in plane anchors placed. Palnelized roof, newer than Building 7a. 
Front of building behaved like portal frame and was moving outwards 
8 None Green The dropped ceiling was completely destroyed. Total replacement of this.  
9 Unknown Red 4 corners of building damaged, exterior walls leaning outward, red tagged 
10 Unknown Red The façade was coming off of the structure. It can be assumed these were two buildings that were merged together with many different types of facades.  
11 Unknown Yellow Roof tile damage, façade damage 
12 None Red This house had NO foundations! The house rocked over, the house was four feet off of the ground and the back is a baloon wall framing system. House originally built in 1883 
Date:                    08/31/2014 
Description of Day: Examined structures in downtown Napa and Industrial Buildings with Degenkolb Engineers Team 
 
Building 
Number Description Type of Building No. Stories Damage to Surrounding Buildings? 
1 
Brown street. We were able to 
get passed the barricades, these 
photos are of buildings already 
catologued, but different views 
Unreinforced Masonry 
Building Varies Yes, this was the most damaged street in downtown 
2 
Main street between 3rd and 
2nd street. These buildings 
were for the most part 
retrofitted properly and open 
for business. The photos are of 
the inside of the building 
Unreinforced Masonry 
Building Varies 
The damage was to the building behind these buildings. This 
damage caused the buildings to originally be red tagged, 
although no damage was seen to these buildings 
3 Borreo Building 
Timber framed structure 
with masonry bearing walls. 
This building was retrofitted 
by Degenkolb 10 years ago 
2 None 
4 Bail bonds building on corner of Brown and 3rd Street 
Unreinforced Masonry 
Building 3 Yes 
5 Vitners Collective Timber framed unreinforced masonry building 2 None 
6 Industrial Building Unknown Unknown (1 or 2) None 
7 Industrial Building Tilt up concrete wall with butler building construction 1 story None 








Date:                    08/31/2014 




Building floor plan 
irregularities Tag Comments on Damage 
1 Unknown Varies 
A main mistake in URM buildings is that the masonry is anchored to the ceiling level and not at the roof level. 
There is a discontinuous diaphragm as well. The anchors look clean indicating they were grouted or epoxied into 
the masonry, but the holes were not cleaned properly. 
The buildings on the block that were retrofitted properly are okay and survived the EQ 
2 Unknown Green 
Straight back columns with anchors into the URM wall 
Many of these buildings had streel frames building inside of the historical masonry structures 
New ledger 
Anchor bolts 
3 None Yellow 
Strong backs were used to retrofit the building as well as additional diaphragm on the roof and new concrete 
shear walls. The bracing of the ceiling and roof trusts is new with steel. No strong backs on north wall because 
H/t ratio is about 6 (height is about 12ft, width of wall is about 2ft) 
4 Unknown Red These photos are of the back of the bail bonds building showing how part of the façade above the ceiling fell down 
5 None Red 
Anchors on the top in the front did what they were supposed to do. Roof joists run North-South, parapet was okay 
and had a strut to tie it back to the buliding. Windows on the bottom floor shattered. The parapet in the front adds 
extra mass and that is why the front of the building is the most damaged. Anchors at the ceiling level not at the 
roof level which is no good. 
6 Unknown Green Damage to the outside façade, chicken wire is visible. Cracks in the plaster.  
7 None Green 
Building had no damage to it. Degenkolb reviewed building 15 years ago and thought the roof diaphragm was too 
flexible for the stiff tilt up concrete walls, however, building was okay. This building is located right next to the 
Napa Airport 
8 None Yellow 
Industrial buildings from the 1930s are located in an old naval yard. Damage at the location of the roof. The brick 
fell inward (brick laying on floor inside). 
 
